The decrease in elasticity of epithelial tissues with ageing contributes to many human diseases. This change was previously attributed to increased crosslinking of extracellular matrix proteins. Here we show that individual human epithelial cells also become significantly more rigid during ageing in vitro. Using atomic force microscopy (AFM), we found that the Young's modulus of viable cells was consistently increased two-to four-fold in older versus younger cells. Direct visualization of the cytoskeleton using a novel method involving the AFM suggested that increased rigidity of ageing cells was due to a higher density of cytoskeletal fibres. Our results identify a unique mechanism that might contribute to the age-related loss of elasticity in epithelial tissues.
Introduction
The loss of elasticity of human epithelial tissues with ageing has been known about for a long time (Dimri et al 1995) . It has been implicated in the pathogenesis of many progressive diseases of ageing including vascular diseases, kidney disease, cataracts, Alzheimer's Dementia (Ulrich and Zhang 1997, Perry and Smith 2001) , complications of diabetes and cardiomyopathies (Bucala and Cerami 1992) . It is believed that the loss of tissue elasticity results from rigidification of the extra cellular matrix due mostly to an increase in polymerization of collagen and elastin (Dimri et al 1995) . Many treatments (Bucala and Cerami 1992, Vasan et al 1996) for age-related diseases are based on this belief. Here we report that individual viable epithelial cells also become considerably more rigid after ageing in vitro.
Early work on the cytoskeleton of human peripheral blood lymphocytes showed that the concentration of F-actin fibres increases in older cells (Rao et al 1992) . Recent work on the measurement of rigidity of rat liver macrophages (Rotsch et al 1997) and transformed mouse fibroblasts (Wu et al 1998) using atomic force microscopy (AFM) demonstrated that actin fibres have a great influence on cell rigidity. Therefore, it is plausible to expect that rigidity might increase in cells with ageing. While cytoskeletal organization and the resulting cell stiffness have been studied in cells of connective tissue, such as fibroblasts, less is known of these events in epithelial cells that serve a primary role in the function of most tissues.
In this paper, we report the direct measurement of rigidity in living normal human foreskin epithelial cells by pressing individual cells by the AFM probes (Radmacher 1997) in vitro. Younger cells (10-20 population doublings) were compared to older cells (over 40-60 doublings) that were near senescence. Statistically valid results were found after measuring 12 old and 20 young cells. Our observations define a novel mechanism through which tissues become more rigid-by intracellular changes that enhance cell rigidity of individual cells. This discovery may have relevance for the treatment of age-related diseases that are caused by loss of elasticity of epithelial tissues.
Materials and methods

Atomic force microscopy
A Nanoscope TM Dimension 3100 (Digital Instruments/Veeco, Inc., Santa Barbara, CA) AFM was used in the present study. A standard cantilever holder cell for operation in liquids was employed. To measure the Young's modulus, the force-volume mode of operation was utilized. The AFM software version used was 5.12, release 4. To image the cells, either contact or tapping mode of scanning was used. All scanning and measurements related to rigidity were performed on viable cells maintained in Hank's balanced salt solution (HBSS). Scanning of the cytoskeleton was performed in both air and the HBSS solution.
AFM probe preparations
A V-shaped standard narrow 200 µm AFM cantilever (Digital Instruments/Veeco, Santa Barbara, CA) was used throughout the study. A 5 µm diameter silica ball was glued to the cantilever by epoxy resin using the AFM built-in micromanipulator. Such a modified probe was an essential part in this study for the following three reasons: (1) this probe has a considerably larger area of contact with the cell compared to a typical commercial probe (radius of curvature ∼5-50 nm) commonly used for such measurements. The larger area of probe-cell contact results in averaging local variation in rigidity compared to that measured with the regular sharp probe. This leads to less variation of the Young's modulus. Thus, we needed fewer measurements to gather good statistics. This was very important because of the limited time (ca 2 h) of the measurements when the cells were alive in the HBSS solution.
(2) Due to the low rigidity at the edge of the cell, it would be very difficult, if not impossible, to make measurements with a sharp AFM tip. The sharp tip simply penetrates the thin areas of the cell and shows even higher rigidity due to contact with the rigid substrate. (3) Using the 5 µm probes, we caused much less damage to the cell during the scanning (see section 3).
After each series of measurements, the probe was changed. In some cases, it was possible to clean it in acid/base solutions. The radius of the probe and its cleanliness were tested by scanning the reversed grid (TG01, Micromash, Inc., Estonia), and sometimes with SEM, as shown in figure 1. The cantilever spring constant was measured using the built-in option of the Nanoscope software. In each experiment, the AFM cantilever sensitivity was calibrated against a rigid substrate, a small piece of silicon wafer immersed in the HBSS solution in the Petri dish.
Cell culture
Primary cultures of human foreskin epithelial cells were prepared by a two-stage enzymatic digestion as described (Woodworth et al 1989) and cells were maintained in keratinocyte serum free medium (Invitrogen, Carlsbad, CA) . Young cultures typically consisted of cells that had been maintained for less than three passages in vitro (less than 25 population doublings). Old, in vitro aged cell cultures were maintained between 8 and 12 passages (over 50 population doublings). The epithelial cells adhered tightly to the bottom of the plastic dish, and the 60 mm cell culture dishes were mounted on the chuck of the AFM with a double sticky tape.
Imaging of the cytoskeleton
We used a novel technique for imaging the cytoskeleton with the AFM. The cells that attached and grew on the Petri dish were washed twice with HBSS solution. Then, the cells were treated overnight at 4
• C with a solution of 0.5% Triton X-100 detergent (Sigma, Ronkonkoma, NY) mixed with buffer (10 mM M Tris-HCl, pH 7.6, 0.14 M NaCl, 5 mM MgCl 2 , 4% polyethylene glycol 6000) in order to solubilize the plasma membrane and organelles and remove soluble cytoplasmic proteins. After this treatment, the remaining cytoskeletal network was washed twice for 2 min in the buffer and then fixed in the buffer with 1% formalin for 10 min. The fixative was removed and the cells were washed twice with HBSS. The HBSS was added to scan the cell cytoskeleton in liquid. For scanning in air, the cells were washed with MilliQ ultrapure water and dried under ambient conditions. The details of this technique are described elsewhere (Berdyyeva et al 2004) .
Young's modulus calculations
To find the Young's modulus, we used the Hertz-Sneddon model (Sneddon 1965 , Tsukruk et al 2000 , Vinckier and Semenza 1998 because of relatively low adhesion between the AFM probe, a clean silica sphere and the cell. It should be noted that on some occasions the adhesion jumped up to ten times. Because it was not stable, and after some time returned back to normal, we assume that it was due to random junk adsorption on the AFM probe. An example of a typical force curve is shown in figure 2. The AFM photodetector sensitivity was calibrated by measuring the force response against a piece of silicon wafer placed directly in the Petri dish. The approach force curves were used for calculation of the rigidity. The retraction curves show indication of viscoelasticity. To minimize this effect, we used relatively slow force probing. Because the measurements are too time consuming, we were not able to eliminate this effect completely. However, we kept it reasonably small, and used the same force probing speed for all our measurements. The Hertz-Sneddon model has been developed for a spherical probe of radius R over a plane surface. In this model, the Young's modulus E is given by
where F is the load force, R is the radius of the ball, p is the probe penetration into the cell. The Poisson ratio ν of the cells was chosen to be 0.5. Because the model is developed for a sphere over a plane, we calculated the Young's modulus only over relatively flat areas of the cells (<10-15
• of inclination angle). To find the flat area and measure the force-distance curves, we used scanning in the force-volume mode, which simultaneously provides information about both the surface topography and the force curves. The force curves were collected over areas of 20 × 20 µm 2 with the height change within 7 µm (Z limit of the scanner). The global position of the AFM scan was controlled by the built-in video system, which allows observation of areas from 150 × 110 to 675 × 510 µm 2 with 1.5 µm resolution. More precise positioning of the probe over the cell was found from the AFM topological image (a part of force-volume image). To calculate the Young's modulus of the cells, a C++ routine was developed to read the force-volume files and process tens of force curves automatically.
It is important to note that the cell is not a homogeneous medium. However, as was shown in the literature (Rotsch et al 1997 , Wu et al 1998 , Radmacher 1997 , Matzke et al 2001 , the approximation of a homogeneous medium, which is used in the Hertz-Sneddon model, works quite well in the description of the mechanical properties of cells. It was, however, expected and observed that the Young's modulus changed when the probe penetrated too deep into the cell. For example, figure 3 shows the plot of the load force F versus penetrations p 3/2 as measured at a cell edge. According to formula (1), the Young's modulus is constant if the curve shown in figure 3 is a straight line. One can see that it is a good approximation until p 3/2 = 4000 nm 3/2 , which corresponds to the penetration of 250 nm. Therefore, the Hertz-Sneddon model works well for the cell edge in this case up to the penetration of 250 nm. For the other parts of the cell, we found that the Hertz-Sneddon model is a relatively good approximation up to the penetration of ca 100 nm. In this work, the values of Young's moduli were collected as calculated for penetrations not larger than 100 nm.
It is interesting to note that for sufficiently large penetrations, the Hertz-Sneddon model starts working again. For example, one can see in figure 3 that the force-p 3/2 curve can again be approximated by a straight line after the penetration of approximately 500 nm. We hope to explore this question in future work. 
Results and discussion
Rigidity and age
In our control experiments, we showed that the modified AFM tip did not noticeably disturb the mechanical properties of living cells during scanning. The AFM probe continuously scanned a cell along the same line for about 2 h without a significant change of rigidity. Figure 4 shows the average value of the Young's modulus calculated along that scan line during continuous (90 min) scanning in the force-volume (32 pixels) mode. Variation limits shown in figure 4 are the RMS values of one standard deviation in the distribution of values of the Young's moduli measured along the scanning line. Some of the initial drift seen in figure 4 is probably due to a possible thermal shift and cell crawling, which is small but detectable at room temperature. It should be noted that although the change of the Young's modulus is negligible during the force-volume scanning, this is not necessarily the case for a contact mode scanning, where a relatively large lateral drag force is applied to the cell (data not shown).
Despite intrinsic heterogeneity in cell rigidity (Wu et al 1998 , Lekka et al 1999 , A-Hassan et al 1998 , we identified three different regions of the cell in which variations of the Young's modulus were relatively small. Figure 5 shows an optical image of a viable cell with these regions emphasized: (1) the area above the nucleus, (2) the cytoplasm and (3) the cell edge. Each area has a characteristic thickness, or height above the substrate. The highest area is the nucleus (>15 µm), the cytoplasmic area is lower and the lowest is the cell edge (can be as low as 1µm).
Comparing the Young's moduli for the old and young cells, we found that all three regions became increasingly rigid with ageing in vitro. The Young's modulus was measured by means of the AFM for 12 old and 20 young cells. This number of cells was enough to detect statistically significant differences, see figure 6 . The averaged modulus values were collected for each relatively flat surface point. Up to 100 force curves were analysed per cell. The results are presented in figure 6 . The average Young's modulus of the nuclear region was 14 kPa for the young cells, and 33 kPa for the old cells. The Young's modulus of the cytoplasmic area of the cell changes from 37 kPa for the young cells to 110 kPa for the old cells. Finally, the edge of the young cells has a rigidity of 0.57 kPa, whereas the edge of the old cells is 2.2 kPa. Consequently, the old cell becomes on average 2.4, 3.0 and 3.9 times more rigid in its nucleus, cytoplasm and edge regions, respectively.
It is interesting to note that the distribution of rigidity measurements for the young cells was noticeably broader than the distribution for the old cells. Moreover, the distribution for young cells was somewhat bipolar. Many measurements for young cells were centred around the median values for rigidity of the old cells. This effect might occur if there was ambiguity in defining the age of the young cells. Such an effect might be expected because some epithelial cells age more rapidly than others, as described in human skin by Barrandon and Green (1987) . The difference in time required to undergo senescence or ageing in vitro has been related to differences in the state of cell differentiation. Thus, a percentage of cells might have characteristics intermediate between young and old cells. If this is the case, a percentage of the young cells will indeed be older, and consequently, the difference in rigidity between young and old cells will actually be much larger, ca. ten times for the nucleus and edge, and even higher for the cytoplasmic regions.
It should also be noted that the rigidity of the nuclear region depends on the stage of cell division (Matzke et al 2001) . In order to avoid this effect, we excluded cells with nuclei showing any visual evidence of mitosis. We also excluded one suspicious young cell that Figure 6 . Results of the rigidity measurements grouped for the nucleus, cytoplasm and edge areas of the young and old cells. Each point is a result of averaging of ten to a hundred measurements of Young's moduli obtained from the force curves measured over a relatively flat cell area. The error bar represents one standard deviation of the Young's modulus within the area. The actual error of measurements of each Young's modulus is negligible in comparison with the error bar. The broader distribution of the Young's modulus for the younger cells may be explained by the higher variation of the cytoskeleton density (see figure 8(a) ).
showed the Young's modulus of 353 kPa (more than 25 times higher than the average) for the nuclear region.
Correlation between rigidity and the cytoskeleton
To understand the mechanism for the increase of rigidity, we studied the cytoskeleton, the most rigid part of the cell. The removal of cell proteins with Triton X100 detergent (analogous to what has been used by Scherfeld et al (1998) and which was optimized for AFM imaging) left mainly insoluble structural proteins that compose the cytoskeleton. This remaining structure was consequently imaged by the AFM. Using this method, we could quantitatively compare the cytoskeletons of different cells more easily than with fluorescent techniques, in which the fluorescent signal depends not only on the cytoskeletal fibres but also on the permeability of the membrane. Moreover, the surface fibre density index (SFDI) index (see below) cannot be found in any other technique.
Typical images of the cytoskeleton are shown in figure 7. One can see three major differences between the old (figure 7(a)) and young ( figure 7(b) ) cells. First, there are many bright spots associated with the old cytoskeleton. Consistent with the modern theories of ageing (Digiovanna 2000) , this material is presumably either polymerized cross-linked protein or lysosomes filled with insoluble ageing pigments-material that accumulates within the cell and cannot be digested. The second feature of the old cytoskeleton is the higher density of To see the third difference, we need to note that after drying in ambient conditions, as shown in Berdyyeva et al (2004) , the cytoskeleton collapses onto the substrate. Assuming that voids between separate cytoskeletal fibres are not statistically considerable, we can compare the volume of such collapsed cytoskeletons for the old and young cells. In other words, we compare the apparent volume. We found that the cytoskeletons of older cells had a larger volume than the younger cells.
To study statistical differences in the cytoskeletons, we measured 15 old and 15 young cells. The bright spots were observed over the nucleus and cytoplasmic areas of all old cells. Almost no such features were detected for the young cells. To quantify the difference in fibre density, we calculated the SFDI introduced in Berdyyeva et al (2004) SFDI = surface area − projected area projected area
where 'surface area' is the surface area of a cell region and the 'projected area' is the area of the same cell region projected on the flat substrate beneath the cell. The difference between the surface area and the underlying projected area can be treated as a measure of the fibre density. To make the SFDI independent of the absolute value of the underlying (projected) area, we normalized it onto the projected area. The higher the density of fibres, the smoother the AFM image of the cytoskeletal surface. For example, the AFM image of an area of very high density is almost flat, and consequently, the SFDI index is almost zero.
To remove any dependence on large-scale surface corrugations, the AFM image should be flattened first. To make it unambiguous, we performed flattening of the first order by using the 'flatten' option in the Nanoscope software.
Figure 8(a) shows the distribution of fibre density for the old and young cells. One can see that the older cells have a denser cytoskeleton with more fibres/unit area.
Next, quantitation was done for the volume of the cytoskeletons normalized per unit area. For each cell, the cytoskeletal volume was measured over several small areas of the cell. Each value for volume was divided by the corresponding projected area to make it independent of the value of the projected area. These measurements excluded the nucleus region. The results are presented in figure 8(b) . One can see that the volume/area average ratio is about two times higher for the older cells.
We conclude that the observed difference in cell rigidity presumably originates from the higher density, thicker cytoskeleton of the older cells. The greater variation of the fibre density observed for young cells ( figure 8(a) ) versus old cells also correlates very well with the rigidity data presented in figure 6.
Conclusion
Using the AFM technique, we directly measured the change in rigidity of individual human epithelial cells in vitro. We found that cells became significantly more rigid during ageing. Furthermore, we showed that each cell has at least three areas of different rigidity: the area over the nucleus, the cytoplasm and the cell edge. The Young's modulus for each area was at least 2-4 times higher in old cells (40-60 population doublings), than in young cells (10-20 doublings) . Using a novel technique for quantitation of the cellular cytoskeleton, which is also involves AFM, we demonstrated that the older cells had a denser and thicker cytoskeleton than the younger cells. Therefore, it is plausible that the increased rigidity was caused by a higher density of cytoskeletal fibres in both cytoplasmic and edge areas. Previous work has shown that enhanced crosslinking of extracellular matrix proteins contributes to the increased rigidity of ageing tissue. Our observations define a potentially novel mechanism through which rigidity occurs-by intracellular changes that enhance cell rigidity. This discovery may have relevance for the treatment of age-related diseases that are caused by loss of elasticity of epithelial tissues.
